Platinum electrodes modified with a cellulose acetate membrane or with poly(1,8-diaminonaphthalene) film were assembled and used for rapid amperometric detection of nitrites and nitrates in water by batch and flow injection analysis.
Introduction
The quantitative determination of nitrite and nitrate concentration is of rapidly increasing interest, especially for drinking water quality, wastewater treatment, for the food industry and for the control of remediation procedures. Also, the control of water quality is important to avoid contamination of food produced when water is used as a raw material.
Moreover, nitrates and nitrites are routinely added to meat products as a preservative against food poisoning microorganisms such as Clostridium botulinum [1] . Both nitrites and nitrates are also continuously monitored because of their toxicity. Nitrites can be converted to carcinogenic nitrosoamines in food products and within the human digestive system [2] . Nitrates, although more stable and less toxic than nitrites, are also a concern because they can be readily converted to nitrites by microbial reduction in food products [3, 4] .
There are many published methods for the determination of nitrites and nitrates, based on spectrophotometry, ion chromatography, chemiluminescence and electrochemistry, but none of them is considered satisfactory [5] [6] [7] [8] [9] Nitrites are traditionally determined spectrophotometrically by their reaction with sulphanilamide and N-1-naphthylenediamine [5] . This method requires careful control of acidity for each step of the process and it has carcinogenic effects and can be unreliable due to the interferences present in the sample matrix from the strong oxidants and coloured substances. Nitrates were generally reduced to nitrites on a copperised cadmium column and then determined spectrophotometrically by the previous (Griess) reaction. However, this methodology requires several steps of sample pretreatment.
In the last 20 years, numerous IC and HPLC methods have been developed that are faster, more accurate and more sensitive than spectrophotometric methods [6] [7] [8] . However, these methods are often time consuming and require sample pre-treatment.
Nitrites are an electroactive species readily oxidised at platinum electrodes polarised at + 0.9 V vs silver silver chloride [10] . Since the potential for nitrite oxidation is high, many other electroactive compounds present in complex media can interfere in the nitrite analysis. In order to avoid these interferences several other electrochemical procedures have been reported in the literature [11] [12] [13] [14] [15] . Among the electrochemical procedures for nitrate and/or nitrite detection, there are direct cathodic reduction at Cu and Cd electrodes [11] ; measurement of the catalytic current observed for the polarographic reduction of transition metals as Mo(VI) in the presence of nitrite or nitrate [13] ; electroactivity of nitrites/nitrates at chemically modified electrodes [14] ; and chemical reaction between the analyte and a reagent selected so that a product of the reaction can be monitored easily with an electrode [15] .
Besides the standard spectrophotometric methods [5] , enzyme electrodes could be an alternative for determination of nitrites/nitrates [16] . Nitrite reductase enzymes have been coupled with an amperometric redox electrode for the detection of nitrites [16] : the drawback of this kind of biosensor is related to the stability of the enzyme under operative conditions.
In this paper, a new electrochemical procedure for nitrite and nitrate determination based on direct nitrite oxidation in an acetate buffer at a platinum electrode polarised at + 0.9 V vs an Ag AgCl reference electrode is proposed. In order to exclude the most common electrochemical interferences, the electrodes were covered with a cellulose acetate membrane or with a selected electropolymerised film. The new nitrite sensors were fully characterised in batch and flow injection analysis (FIA) and applied for nitrite and nitrate determination in drinking waters. phosphate buffer solution at pH 6.5 [18] . The substituted naphthalene derivatives (5×10 − 3 mol l − 1 ) were electropolymerised in 0.2 mol l − 1 NaCl and balanced to pH 1.0 with concentrated HCl [19] . This greater acidity was required for solubilization of the substituted naphthalenes, presumably because of their higher hydrophobicity.
Experimental

Reagents and solutions
The potential was continuously cycled from 0 to + 0.8 V for 1,2-DAB, and from − 0.15 to + 1.30 V for the naphthalene derivatives. The scan rate was 2 mV s − 1 , and the potential was continuously cycled until a minimum value of current, which remained constant after further cycling, was observed. Some of the coated electrodes were tested on subsequent days for response vs nitrites and interferences. The electrodes were stored in pH 7.4 PBS at 4°C when not in use.
Preparation of home-made cellulose acetate membranes
Cellulose acetate membranes were prepared by dissolving 2 g of cellulose acetate (53%) and 20 mg of polyvinyl acetate (Carlo Erba, Milan, Italy) in 30 ml acetone and 20 ml cyclohexanone. For casting the cellulose membrane, a precision gauge tool (from Precision Gage and Tool Co., Dayton, OH) was used.
Copperised cadmium column preparation
For nitrate determination we used copperised cadmium granules, which reduce nitrates to nitrites quantitatively. The steps for the reduction column preparation are those reported in the standard methods of nitrate analysis in water [5] : 1. washing with acetone (3-4 times) for degreasing 3.5 g cadmium granules (Aldrich, 30-80 mesh); 2. swirling the granules in 20 ml 2 M HCl (10 min); 3. washing the granules with distilled water till the pH of the washing water is above 5; 4. treating the cadmium granules with 20 ml 2% CuSO 4 until the blue colour disappears and a brown colloidal precipitate begins to develop; 5. decanting the supernatant and washing the copperised cadmium granules with distilled water (10-15 times) till all the brown precipitate is removed; 6. suspending the granules in 0.625% NH 4 Cl solution and packing into the chromatographic column. This quantity of cadmium granules (3.5 g) is sufficient to fill two columns with the dimensions reported above. Before use, the column was washed with 150 ml of distilled water. After use, the column was washed with 50 mM NH 4 Cl and stored in a refrigerator.
Batch procedure
The nitrite sensor polarised at + 0.9 V was immersed in 10 ml of stirred acetate buffer solution (0.1 mol l − 1 , pH 4.0) and then allowed to equilibrate. Aliquots of standard nitrite solutions were then injected into the buffer and the current changes were recorded.
FIA procedure
A FIA manifold is shown in Fig. 1 . A 250 ml closed loop of the six-way injection valve previously connected in series to the flow system was filled with the analysing solution. By switching the six-way valve to the inject position, the solution was injected into the flow stream and a transient current variation due to nitrite oxidation was recorded. The copperised cadmium column was inserted between the pump and the six-way valve. The sample can then flow through the column for nitrate determination or bypass it for nitrite determination.
Prior to any measurement, a concentrated ammonium chloride solution (0.5 mol l − 1 ) was added to the standards or samples to obtain a final concentration of 50 mmol l − 1 . The acquisition of each datum was performed at least three times; the results were then averaged. The detection limit was defined as a signal-to-noise ratio of 3.
Spectrophotometric procedure
Nitrites were determined spectrophotometrically by their reaction with sulphanilamide and N-1-naphthylenediamine. Nitrates were reduced to nitrite on the copperised cadmium column and determined spectrophotometrically by the previous (Griess) reaction. The CA membrane is mechanically stable and was used for more than three months without any loss of permselectivity.
Nitrite sensor based on electropolymerised films
Although the CA membrane showed good stability and a long lifetime, it did not exhibit a high sensitivity towards nitrites. For this reason various electropolymerised films were prepared and tested for their permselectivity to nitrites. The permeability of the film to nitrites and to AA is defined for CA, where I membrane was replaced by I film . From the results reported in Table 1 it is clear that all the electropolymerised films reduce the AA interference. However, the best permselectivity, defined as permeability(nitrite)/permeability(AA), which gave a high response to nitrite and a low response to AA, was obtained with poly (1, . Thus, its monomer was selected for further experiments. It should be noted that it is impossible to predict with accuracy the permeability of these polymeric films from their proposed structures [19] . It is known that the experimental conditions of the electropolymerisation influence the permselectivity of the film [18, 23] . The variation in the permeabilities of the various films could be explained by their degree of hydrophobicity.
Considering poly(1,2-DAB), poly(o-anisidine) and poly(1,3-DAB), only one amino or hydroxyl group is involved in the polymer formation and the monomers are relatively hydrophilic. Consequently, there will be a low degree of cross-linking between the polymer chains with, at least, a comparable [see poly(o-anisidine)] or lower [see poly(1,2-DAB) and poly(1,3-DAB)] permselectivity with respect to the poly(substituted naphthalenes).
The poly(substituted naphthalene) films are more hydrophobic and a lower degree of solvation, a closer packing of the polymer chains and a lower permeability vs AA are observed (see Ref. [19] ).
It is difficult to explain the different permselectivities among the poly(substituted naphthalenes), but as shown in Table 1 , the best permselectivity can be considered as a compromise between a good permeability vs nitrite and a good rejection vs AA.
On the other hand, the stability of the response vs AA and nitrites of different films with time is another parameter that has been considered.
According to the permselectivity data reported in Table 1 , poly(5A1N), poly(o-anisidine) and poly(1,8-DAN) showed the higher P 1 /P 2 , but after 48 h such a ratio remained constant only for poly (1,8-DAN) . The other two films showed a P 1 /P 2 decrease of 30 and 40%, respectively. Further studies are in progress to explain such a decrease, by means of a comparative analysis of the film structure.
Results and discussion
Batch analysis
Nitrite sensor based on cellulose acetate membrane
Since the potential of nitrite oxidation is high, many other electroactive species present in complex media can be oxidised and thus interfere with the nitrite analysis. In order to avoid these interferences we covered the electrode surface with a cellulose acetate (CA) membrane. This membrane, which is about 100 g mol − 1 MMCO (molar mass cut off), was prepared as previously reported [20] [21] [22] and was used to assemble biosensors to study such complex matrices as whole blood or foods. The membrane is negatively charged and protects the electrode from protein adsorption and from interfering species such as ascorbic and uric acid.
The CA membrane was used for the construction of amperometric biosensors as a selective membrane for hydrogen peroxide but never tested for its permeability to nitrites. In this case, the permeability (P) was defined as follows:
where I bare refers to the current measured at the naked electrode and I membrane refers to the current measured at the electrode covered with the CA membrane. Ascorbic acid was used as a model molecule to test the permselectivity of the CA membrane. The results showed that the permeability of the CA membrane to 0.1 mmol l − 1 nitrites and 0.1 mmol l − 1 AA was 7 and 0%, respectively. It should be noted that a slow response of AA could be observed after a few minutes due to the slight diffusion of AA through the CA membrane. Using the CA membrane, a good linearity was observed over the whole range studied (1-100 mmol l − 1 nitrites). The equation was I= −0.010 + 0.140x, r =0.999, where I was the current in nA; x was the concentration in mmol l − 1 and r was the correlation coefficient. The detection limit was 0.5 mmol l − 1 . column. The resulting nitrite plus any nitrite originally present in the sample is determined as a sum by the nitrite oxidation at the probe. The endogenous nitrite alone can be determined by bypassing the cadmium column. Therefore, the nitrate is calculated by the difference.
The optimum values for the flow rate and for the loop volume were obtained by injection of 10 mmol l − 1 nitrites. The best compromise between throughput and sensitivity was obtained with a loop volume of 250 ml and a flow rate of 0.8 ml.
The influence of the reduction medium on the conversion yield of the nitrate to nitrite was studied. Table  2 clearly shows that the sodium acetate buffer which is used in our manifold as a carrier cannot be used as a reduction medium since the conversion yield is low (15%). From the literature [24, 25] we found that the ammonium buffer was used to increase the conversion yield. In our case we found that the unbuffered ammonium solution gives 100% conversion yield. Further studies showed that changing the ammonium concentration from 25 to 100 mol l − 1 and changing the flow rate from 1 to 2 ml min − 1 did not affect the column efficiency. We selected, for further experiments, an ammonium solution of 50 mmol l − 1 and a flow rate of 1 ml min − 1 . In order to study the influence of the nitrite/nitrate ratio on the current response, five different standard solutions were prepared. In each solution the concentration of nitrate plus nitrite was kept constant.
The results showed that the efficiency of the column was independent of the concentration of the nitrite originally present in the sample. Bypassing the Cu/Cd column the signal response was proportional to the nitrite concentration and independent of the nitrate originally present in the sample.
For example, the results reported in Table 3 , relative to a Pt/poly (1,8-DAN) probe, showed that a solution of 100 mmol l − 1 of nitrate plus nitrite, when passed through the cadmium column gave a signal from 34.6 to 35.6 nA for all the ratios of nitrate and nitrite studied.
Under our experimental conditions the best permselectivity was obtained with poly(1,8-DAN) and thus it was selected for further tests.
Using the poly(1,8-DAN), a good linearity was obtained over the whole range studied (0.5-100 mmol l − 1 ). The equation was I=0.067 +0.700x, r = 0.999, where I was the current in nA; x the concentration in mmol l − 1 and r the correlation coefficient. The detection limit was 0.1 mmol l − 1 . The nitrite sensor based on poly(1,8-DAN) was five times more sensitive than that based on a CA membrane. This sensor needed about one night of stabilisation in pH 4 acetate buffer at + 0.9 V before the first use and maintained a stable response for at least four months (a longer time has not been tested). The sensor was stored in pH 7.4 PBS at 4°C when not in use.
The response time in batch analysis, using 3×10 Fig. 1 shows the proposed manifold for the determination of nitrates and nitrites, where the sample continuously fills the mixing loop. Nitrate is reduced to nitrite by passing it through a copperised cadmium Since the Cu/Cd column showed an efficiency of 100% and since the response of nitrite was not affected by the presence of nitrates, one calibration curve using nitrite or nitrate standards was performed. In our preliminary experiments, a different arrangement of the manifold shown in Fig. 1 was used: the Cu/Cd column and the T-valves were placed between the injection valve and the wall-jet cell. In this way the standard solution was aspirated from the pump to the injection valve, then passed through the column for nitrate determination, or bypassed the column for nitrite determination. In this case we found that the slope of the nitrate curve was lower than the slope of the nitrite curve due to the dispersion of the standard nitrate in the column. Since two calibration curves were necessary this manifold was modified and the flow injection system designed in Fig. 1 was used. With this FIA system the sensitivity of the calibration curves was lower than the values reported for the batch analysis. The detection limits were 1 mmol l − 1 for the nitrite sensor based on a CA membrane and 0.25 mmol l − 1 for that assembled with poly (1,8-DAN) , respectively.
Flow injection analysis
The use of a mixing coil, 62 cm long, showed better precision. Indeed, 10 consecutive analyses of standard nitrites (10 mmol l − 1 ) gave a relative standard deviation (RSD) of around 0.7%. Similarly, 10 consecutive analyses of nitrate standard solution (10 mmol l − 1 ) gave an RSD of around 0.8%, which indicates a better reproducibility. The throughput was around 15 determinations of nitrates plus nitrites per hour.
Water analysis
Interference study
The effects of co-existing species in drinking water on nitrite determination using flow injection analysis were assessed by comparing the response of 10 mmol l − 1 of nitrites and 10 mmol l − 1 of nitrites in the presence of the most common co-existing species at their maximum admissible concentrations [26] 
Reco6ery
Nitrite and nitrate recovery data were obtained with both sensors.
Standard solutions of nitrites were added to a tap water sample (where nitrite was absent) to obtain a final concentration of 5, 10 and 20 mmol l . The recovery (average of three determinations) and precision data are reported in Tables 4 and 5 . The nitrite sensors based on the CA membrane and the poly(1,8-DAN) film both gave a recovery from 95 to 100% and a RSD less than 1%.
Method of comparison
The continuous flow determinations with nitrite sensors based on cellulose acetate membrane and poly (1, film were compared with the standard colorimetric method [5] .
The proposed method and the colorimetric method were applied to the tap water and mineral water samples. Nitrites were under the detection limit of all the methods. The nitrate values are reported in Tables 6  and 7 . The difference between the colorimetric and the proposed methods did not exceed 9 4%. Table 7 Comparison between a standard colorimetric method and the proposed method based on flow injection analysis and a platinum electrode covered with poly (1,8-DAN 
Conclusions
Platinum electrodes modified with cellulose acetate membrane or poly(1,8-DAN) film appeared to be useful sensors for nitrite determination. Moreover, it was shown that these sensors had good potential for rapid detection of nitrites and nitrates in water.
Contrary to standard colorimetric methods, which are based on carcinogenic reagents, the proposed procedure was very simple and rapid and did not require any reagent for nitrite detection.
